The development of malaria vaccines is challenging, partly because the immunogenicity of recombinant malaria parasite antigens is low. We previously demonstrated that parasite antigens integrated into a tricomponent immunopotentiating complex increase antiparasitic immunity. In this study, the B domains of a group G Streptococcus (SpG) strain and Peptostreptococcus magnus (PpL) were used to evaluate whether vaccine efficacy is influenced by the type of immunoglobulin-binding domain (IBD) in the tricomponent complex. IBDs were fused to a pentameric cartilage oligomeric matrix protein (COMP) to increase the binding avidity of the complexes for their targets. The COMP-IBD fusion proteins generated (COMP-SpG and COMP-PpL and the previously constructed COMP-Z) bound a large fraction of splenic B lymphocytes but not T lymphocytes. These carrier molecules were then loaded with an ookinete surface protein of Plasmodium vivax, Pvs25, by chemical conjugation. The administration of the tricomponent complexes to mice induced more Pvs25-specific serum IgG than did the unloaded antigen. The PpL complex, which exhibited a broad Ig-binding spectrum, conferred higher vaccine efficacy than did the Z or SpG complexes when evaluated with a membrane feed assay. This study demonstrates that this tricomponent immunopotentiating system, incorporating IBDs as the B-lymphocyte-targeting ligands, is a promising technology for the delivery of malaria vaccines, particularly when combined with an aluminum salt adjuvant.
A lthough tremendous efforts have been made to control malaria in recent decades, the parasite is still transmitted in 99 countries around the world, and 219 million new cases and 660,000 deaths are estimated to have occurred in 2010 (1) . Unfortunately, however, even the most advanced candidate malaria vaccine, RTS,S, which is currently in phase 3 clinical trials, has shown only moderate efficacy against clinical malaria (30% to 50%) and severe malaria (25% to 45%) in young children and infants (2) . Furthermore, malaria control has been primarily directed against Plasmodium falciparum, but to eliminate and eradicate malaria outside Africa, Plasmodium vivax must also be controlled, although its contribution has been largely neglected until now (3) . Therefore, second-and third-generation malaria vaccines that control both P. falciparum and P. vivax are urgently required.
Because the goal of global malaria control is its elimination and eradication, not only blood-stage vaccines that prevent the disease are necessary but also vaccines that severely impair parasite transmission based on sexual-or mosquito-stage antigens. However, unlike blood-stage antigens, only a few sexual-stage candidate vaccines have been developed, including the P25 antigens (Pfs25 and Pvs25, which block the transmission of P. falciparum and P. vivax, respectively) (4) (5) (6) (7) . We have demonstrated in preclinical studies that the P25 antigens, formulated and administered with various vaccination regimens, are promising candidates for malaria transmission-blocking vaccines (TBVs) (6) (7) (8) (9) (10) (11) (12) . Recent clinical trials of TBVs have also suggested that P25 antigens per se are promising candidate TBVs (13) (14) (15) . However, an immune-enhancing technology that specifically focuses on increasing humoral immunity, with a long-term memory response, is a crucial prerequisite if transmission-blocking antigens are to be clinically available in the future.
Antigen delivery to professional antigen-presenting cells (APCs) facilitates the uptake and presentation of antigens to T cells to induce antigen-specific humoral immunity or cell-mediated immunity (16) (17) (18) . This delivery of specific protein antigens seems to be particularly important under steady-state conditions, because protein antigens alone often do not induce an immune response to a level sufficient to defend the host. Furthermore, the development of malaria vaccines probably requires recombinantly produced protein antigens, particularly those vaccines that target blood-stage and mosquito-stage parasites, because these types of vaccines rely more on humoral immunity than on cellmediated immunity for their effectiveness. This is largely because protein antigens, if they are sufficiently immunogenic, are good inducers of antibody production. Dendritic cells (DCs) are professional APCs with highly efficient and specialized functions in the uptake and presentation of foreign antigens to lymphocytes, allowing them to mount an appropriate immune response (17, 18) . However, B lymphocytes also take up foreign antigens, primarily via surface immunoglob-ulins (Igs) (B-cell receptors [BCRs] ), and present the protein epitopes through the major histocompatibility complex class II-T-cell receptor interaction to induce antigen-specific antibody production (16, (19) (20) (21) . Thus, B lymphocytes are unique in that they are both APCs and effector cells. Direct antigen presentation to B lymphocytes followed by T-cell activation facilitates the induction of an efficient immune response. Another unique feature of B lymphocytes that distinguishes them from DCs is that they can recognize conformational epitopes, such as those presented on the surfaces of protein antigens. It is noteworthy that in the lymph nodes, antigens captured by noncognate B lymphocytes can be presented to cognate B lymphocytes (22) . Therefore, it is theoretically plausible that antigens delivered to B-lymphocyte follicles in the lymph nodes, using Ig-binding ligands, may increase the likelihood that the antigens would encounter cognate B lymphocytes residing in the lymph node follicles. By exploiting this immunological mechanism, it may be possible to augment the immune responses against otherwise weakly immunogenic recombinant antigens (23) .
To address one of the primary challenges facing the development of malaria vaccines, the low immunogenicity of recombinant malaria candidate vaccines, we undertook to functionally improve the antigen delivery system that we previously designated the "tricomponent immunopotentiating system" (12) . For this system to function, a ligand moiety is essential because the antigen integrated into the system without a ligand failed to augment the antigen-specific immune response (12) . The ligand moiety integrated into the tricomponent complex is an immunoglobulinbinding domain (IBD), which specifically targets B lymphocytes.
In this study, three types of IBDs were chosen as ligands to be fused to a pentameric coiled-coil domain of cartilage oligomeric matrix protein (COMP). They were (i) the Z domain of Staphylococcus aureus protein A (SpA), (ii) the B domain of a group G Streptococcus (SpG), and (iii) the B domain of Peptostreptococcus magnus (PpL). Although both the Z and SpG domains bind the IgGs of various animal species, they have distinct structural characteristics: the Z domain has three short ␣-helical coils folded into a compact bundle (24, 25) , whereas the SpG domain has a fourstranded ␤-sheet connected by one ␣-helix (24, 26) . The PpL domain has an overall chain fold similar to that of the SpG domain but, unlike the Z and SpG domains, binds the light chains of all Ig isotypes, including IgG, IgM, IgA, IgE, and IgD (24, 27) . Therefore, PpL has a broad Ig-binding spectrum but binds only the kappa-type light chains (24) . This selection of IBDs to be used as ligands of the tricomponent complex was chosen to evaluate whether IBDs with vastly different overall chain folds and Ig-binding profiles can be efficiently used in fusion proteins with the COMP coiled-coil domain and to determine their antigen delivery function and vaccine efficacy. Homogeneous pentameric fusion proteins were produced from all the COMP-IBD fusion proteins in Escherichia coli and were loaded with a recombinant P. vivax ookinete surface protein, Pvs25. The resultant tricomponent complexes were then evaluated for their TBV efficacy with a membrane feed assay.
MATERIALS AND METHODS
Expression of COMP-IBD fusion proteins. The COMP-Z fusion protein was expressed in E. coli BL21(DE3) and purified with nickelnitrilotriacetic acid (Ni-NTA) affinity chromatography, as previously described (12) . To construct the expression plasmid for the COMPSpG fusion protein, two overlapping oligonucleotides (5=-GTCGAC CCGGCGGTGACGACCTATAAACTGGTTATTAACGGCAAAACCCT GAAAGGTGAAACCACCACCGAAGCCGTGGATGCAGCGACCGC CGAAAAGGTGTTTAAAC-3= and 5=-CTCGAGTTATTCCGTCACGGT AAACGTTTTGGTCGCATCGTCGTAGGTCCACTCACCATCGACGC CATTATCGTTCGCATACTGTTTAAACACCTTTTCGGCGGTCGCT-3=, containing a SalI and an XhoI site [underlined sequences], respectively) were annealed in their 3= complementary regions and then extended by DNA polymerase in a thermal cycling process to produce double-stranded DNA. The resultant fragment was first subcloned into pCR2.1 (Invitrogen, Carlsbad, CA, USA) and then excised from the plasmid by digestion with SalI and XhoI for subsequent insertion at the unique XhoI site in the plasmid pET-22b-COMP-spacer (12) to express the COMP-SpG fusion protein containing the pelB leader peptide for secretion. Similarly, two overlapping oligonucleotides (5=-GTCGAC AGCGAAGAGGAAGTGACCATTAAAGCCAACCTGATTTTTGCGAA TGGTAGCACCCAGACCGCGGAATTTAAAGGCACCTTTGAAAAAG CGACCAGCGAGGCGTATGCGTAT-3= and 5=-CTCGAGTTAACCGGC GAATTTGATATTCAGGGTATAGCCTTTATCCGCAACATCCACGGTA TATTCGCCATTATCTTTTTTCAGGGTGTCCGCATACGCATACGCC TCGCTGGTCGCT-3=, containing a SalI and an XhoI site [underlined sequences], respectively) were used for the construction of the COMPPpL expression plasmid. The expression in E. coli BL21(DE3) and purification of the COMP-SpG and COMP-PpL fusion proteins with Ni-NTA affinity chromatography were performed as described previously for the COMP-Z fusion protein (12) .
Western blotting and size exclusion chromatography. Ni-affinitypurified COMP lacking any IBD and the three COMP-IBD fusion proteins were subjected to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue or transferred to a polyvinylidene difluoride membrane for Western blotting. For Western blotting, the membrane was blocked with 10% skimmed milk in phosphate-buffered saline (PBS) and then incubated with horseradish-peroxidase-conjugated human IgG (hIgG) or hIgG containing the kappa or lambda light chain (Beckman Coulter Inc., Brea, CA, USA). Chemiluminescence was detected with the Western Lightning ECL kit (Perkin-Elmer Inc., Waltham, MA, USA).
Size exclusion chromatography was used to estimate the molecular masses of COMP and the three COMP-IBD fusion proteins in PBS using a HiLoad 16/60 Superdex 75-pg column (GE Healthcare, Little Chalfont, United Kingdom) at a flow rate of 0.8 ml/min.
Chemical conjugation of Pvs25 antigen to the COMP-IBDs. Recombinant Pvs25H-A protein, expressed in Pichia pastoris and purified as described previously (10), was chemically conjugated to each COMP-IBD fusion protein using a heterobifunctional cross-linker, N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP; Thermo Scientific Inc., Rockford, IL, USA), as described previously (12) . Briefly, Pvs25H-A (2 mg/ml in PBS-EDTA) was incubated with SPDP (0.6 mM final concentration) for 1 h at room temperature and buffer exchanged with PBS (Zeba Spin desalting column; Thermo Scientific Inc.). Simultaneously, each COMP-IBD (2 mg/ml in PBS-EDTA) was treated with dithiothreitol (DTT; 50 mM) for 30 min at 37°C and buffer exchanged with PBS as before. SPDP-treated Pvs25H-A and DTT-treated COMP-IBD were mixed for conjugation in a 10:1 molar ratio at room temperature overnight and then buffer exchanged with PBS as before. The endotoxin levels in the conjugated samples were determined with Detoxi-Gel endotoxin removal gel (Thermo Scientific Inc.). The loading of the Pvs25H-A antigen onto the COMP-IBD fusion proteins was confirmed with an hIgG enzyme-linked immunosorbent assay (ELISA), as previously described (12) .
Evaluation of the binding affinities of COMP-IBDs for Ig isotypes. The binding strengths of the COMP-IBD fusion proteins for the mouse and human Ig isotypes were evaluated according to the method described by Friguet et al. (28) , with slight modification (12) . Briefly, each Ig isotype (5 to 10 g/well) was applied as a coating to a 96-well microtiter plate (Sumilon; Sumitomo Bakelite Co., Ltd., Tokyo, Japan) at 4°C overnight and then blocked with 1% bovine serum albumin (BSA) in PBS at 37°C for 1 h. COMP or each of the COMP-IBDs (2 g/well) was added to the wells and incubated at 37°C for 1 h; then, hIgG (50 g/ml, 37°C, 1 h) was applied to mask the unbound free IBDs. A mouse or rabbit anti-His tag antibody (1:4,000; GE Healthcare) was added and incubated at 37°C for 1 h; then, an anti-mouse or anti-rabbit IgG-alkaline phosphatase (AP) conjugate (1:4,000; Sigma-Aldrich, St. Louis, MO, USA) was applied and incubated at 37°C for 1 h. The AP substrate (Bio-Rad Laboratories Inc., Redmond, WA, USA) was added and incubated at room temperature for 20 min to detect the bound proteins.
Flow cytometric analysis of the COMP-IBD target cells. COMP (1 mg, 31.25 nmol) or the COMP-IBD fusion proteins (1 mg, 13.8 nmol) were treated with DTT (50 mM) for 37°C at 30 min and buffer exchanged with PBS (Zeba Spin desalting column; Thermo Scientific Inc.). The reduced COMP or COMP-IBDs (1 mg) were incubated overnight at 4°C with a 25-fold molar excess of fluorescein-5-maleimide (Thermo Scientific Inc.) and then buffer exchanged with PBS (Zeba Spin desalting column). Splenocytes from naive BALB/c mice were suspended in RPMI medium (Gibco Inc., Grand Island, NY, USA) and collected by centrifugation (377 ϫ g, 10 min). Red blood cells were lysed (17 mM Tris buffer [pH 7.6], 140 mM NH 4 Cl) at room temperature for 5 min, and the cells were washed with PBS and resuspended in PBS. The cells (5 ϫ 10 5 cells/ ml) in PBS with or without 2% normal (naive) mouse serum were incubated with fluorescein-labeled COMP or COMP-IBDs (3.1 pmol). Human IgG (5 g/ml) was added to mask the unbound free IBDs, and the 2.4G2 monoclonal antibody (BD Biosciences, Sparks, MD, USA) was added to block the Fc receptors. The cells were washed and incubated with R-phycoerythrin (PE)-conjugated anti-CD19 (1D3) or anti-CD3e (145-2C11) or the isotype control antibody. Finally, the cells were washed with PBS and the volume was adjusted to 1 ml with PBS. At each step, the samples were incubated at 4°C for 20 min. The antibodies were used at the concentrations recommended by the manufacturer (BD Biosciences). Data were acquired with a FACSCalibur flow cytometer and analyzed with CellQuest software (BD Biosciences).
Immunization of mice. Seven-week-old female BALB/c mice (Japan SLC, Shizuoka, Japan), with eight mice per group, were immunized in weeks 0, 2, and 4 via a subcutaneous (s.c.) route. For all immunization studies, the same amount of Pvs25H-A antigen (30 g) was administered as the conjugated (total protein dose, 40.8 g for COMP-Z:Pvs25H-A, 40.2 g for COMP-SpG:Pvs25H-A, and 41.9 g for COMP-PpL: Pvs25H-A) or unconjugated Pvs25H-A protein (total protein dose, 30 g). Aluminum hydroxide (Imject alum adjuvant; Thermo Scientific Inc.) was used as the adjuvant where indicated. The animal experimental protocols were approved by the University of the Ryukyus Animal Care and Use Committee, and the experiments were conducted according to the institutional ethical guidelines for animal experiments.
Antigen-specific serum IgG titers determined by ELISA. Antisera were collected from the immunized mice in week 6, and the serum IgG titers were determined as described previously (8) (9) (10) (11) . Briefly, a 96-well microtiter plate (Sumilon; Sumitomo Bakelite Co., Ltd.) was coated with Pvs25H-A (5 g/ml in bicarbonate buffer at 4°C overnight) and blocked with 1% BSA in PBS at 37°C for 2 h. Twofold serial dilutions of the antisera, starting with a 50-fold dilution in PBS with 0.5% BSA, were incubated at 37°C for 2 h. An anti-mouse IgG-AP conjugate (1:4,000; Sigma-Aldrich) (37°C, 2 h) and then the AP substrate (Bio-Rad Laboratories Inc.) were added and incubated at 37°C for 20 min, before the optical density at 415 nm (OD 415 ) was measured with a microplate reader (Bio-Rad Laboratories Inc.). The antibody titers were defined as the serum dilutions that gave an OD 415 value equal to 0.1 or as the serum dilutions for which a dilution of 1 magnitude higher gave OD 415 values of less than 0.1.
Membrane feed assay. To determine the TBV efficacy of the induced mouse antisera, a mosquito membrane feed assay was performed as described previously (8) (9) (10) (11) (12) . Single-species infection with P. vivax was confirmed with Giemsa staining of thick and thin blood smears. The experiments involving human subjects were approved by the Ethics Committee of the Faculty of Tropical Medicine of Mahidol University and the Thai Ministry of Public Health.
Statistical analysis. The Wilcoxon-Mann-Whitney test was performed to compare the antibody titers and the numbers of oocysts per mosquito between the nonimmune control group and the indicated immunization groups or between two indicated immunization groups. The Kruskal-Wallis test was used to compare the antibody titers and the numbers of oocysts per mosquito among the indicated groups. The
2 test was performed to analyze the differences in the proportions of parasite-free mosquitoes in the total number of mosquitoes examined between the nonimmune control group and the indicated immunization groups or between two indicated immunization groups. All statistical analyses were conducted with JMP software version 8.0 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Expression analysis of the COMP-IBD fusion proteins. COMP devoid of any IBD and the COMP-IBD fusion proteins (Fig. 1a) were expressed as secreted proteins in E. coli BL21(DE3) and were affinity purified from the culture supernatants with Ni-NTA. Although the proteins appeared as several bands of various molecular masses on SDS-PAGE (Fig. 1b) , a single major chromatographic peak was detected with size exclusion chromatography, with estimated molecular masses of 37.2 kDa for COMP, 78.7 kDa for COMP-Z, 94.2 kDa for COMP-SpG, and 89.0 kDa for COMPPpL (Fig. 1c) . These molecular masses appeared to be higher than the calculated values for their pentamers (i.e., 32.0 kDa, 72.5 kDa, 71.4 kDa, and 74.7 kDa, respectively), and the discrepancies may be attributable to the rodlike structure of the COMP coiled-coil domain (29, 30) . These data indicate that the COMP-IBDs were produced in E. coli as homogeneous pentamers but were disassembled into the constituent components with various valences in the presence of a denaturing agent, because coiled coils are vulnerable to disassembly by denaturing agents such as SDS (12) . Given that the COMP coiled-coil domain has interstrand disulfide bonds at its C terminus (PDB: 1VDF), the incomplete formation of the disulfide bonds should create a series of multimers in the presence of SDS. Thus, COMP and its IBD fusion proteins appeared on SDS-PAGE as ladder patterns (presumably as monomers through pentamers). The COMP-IBDs, but not COMP, bound hIgG (Fig. 1b) . COMP-PpL bound only hIgG with the kappa, but not the lambda, light chain (Fig. 1b) .
Binding profiles of the COMP-IBD fusion proteins to Ig isotypes and splenic lymphocytes. The COMP-IBD fusion proteins were first analyzed with ELISAs to assess their capacities for binding mouse or human Ig isotypes (Fig. 2a) . All the COMP-IBDs bound both mouse and human IgGs, but COMP-SpG displayed relatively higher affinity than did the other two fusion proteins. In contrast to the Z and SpG complexes, COMP-PpL strongly bound both mouse and human IgMs. Furthermore, as expected, the PpL complex bound only Igs with kappa, but not lambda, light chains. In conclusion, all the fusion proteins showed similar binding patterns to mouse and human Ig isotypes. The COMP-IBDs were then analyzed by flow cytometry to determine whether they bound splenic CD19 ϩ B lymphocytes or CD3 ϩ T lymphocytes (Fig. 2b) . All the COMP-IBDs, but not COMP lacking an IBD, bound substantial proportions of the Blymphocyte population (Fig. 2b, top four panels) ; approximately 40%, 80%, and 75% of B lymphocytes were bound by fluoresceinconjugated COMP-Z, COMP-SpG, and COMP-PpL, respectively.
In contrast, none of the COMP-IBDs bound T lymphocytes (Fig.  2b, bottom four panels) , confirming that the fusion proteins specifically bind to B lymphocytes. It is reasonable to envisage that loading antigens on the COMP-IBDs would negatively affect their B-lymphocyte binding capacity. However, we think this is unlikely to occur, first, because the antigen conjugation is site specific and the sites are distantly located from the IBDs on the fusion proteins, and second, because the B-lymphocyte binding experiments were conducted using the fluorescein-labeled COMP-IBD fusion proteins which were generated by the same conjugation method used to generate the COMP-IBD:Pvs25H-A tricomponent complexes evaluated in immunization experiments described in Fig. 3 .
It was assumed that since the IBDs bind B lymphocytes via BCR, they might also bind free antibodies in vivo. To investigate this possibility, we analyzed the binding of the fusion proteins to B lymphocytes in the presence of normal mouse serum (Fig. 2c) . The results showed that the mouse serum strongly inhibited the binding (by more than 50%) of the Z and SpG complexes, whereas 
globulin-binding domains (IBDs). The coiled-coil domain (green) is fused to the Z domain (red), a derivative of the B domain of Staphylococcus aureus protein A; the B domain of group G Streptococcus protein G (yellow); or the B domain of Peptostreptococcus magnus protein L (blue).
The fusion proteins contain a 24-amino-acid (aa) spacer region between the coiled coil and the IBD. The coding sequences of the fusion proteins were placed between the NcoI and XhoI sites of pET-22b and thus were expressed as pelB fusion proteins for secretion from Escherichia coli BL21(DE3). The COMP and COMP-Z constructs were engineered in our previous study (12) . (b) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 15%) of nickel-affinity-purified COMP (lanes 1), COMP-Z (lanes 2), COMP-SpG (lanes 3), and COMP-PpL (lanes 4). The protein bands were stained with Coomassie brilliant blue (CBB) or subjected to Western blotting and then reacted with hIgG or hIgG containing the kappa or lambda light chain. For Western blotting, horseradish-peroxidase-conjugated antibodies were directly applied to the membrane to detect the COMP-IBD fusion proteins. Lane M, molecular mass marker. (c) COMP or the COMP-IBDs were subjected to size exclusion chromatography. Their estimated molecular masses, based on the standard protein marker, are indicated in parentheses.
essentially no inhibition was observed for the PpL complex. This unexpected result suggests that COMP-PpL may function in the delivery of loaded vaccine antigens to B-lymphocyte follicles even when the antigens are administered via routes where immunoglobulin molecules are abundant.
Vaccine efficacy of the tricomponent complexes. The recombinant Pvs25H-A protein was loaded onto each COMP-IBD fusion protein by chemical conjugation, as described previously (12) . The cysteine residues present within the COMP coiled-coil domain (PDB: 1VDF) were used as the specific loading sites for the antigen, and loading was confirmed with an hIgG ELISA (data not shown). The endotoxin contaminating the final immunizing materials was shown to be less than 15 Aluminum hydroxide (alum) was used as the adjuvant where indicated. The mice were immunized three times via a subcutaneous route in weeks 0, 2, and 4, and their antisera were collected 2 weeks after the third immunization (week 6) to evaluate the Pvs25-specific IgG titers. The serum IgG titers were defined as the serum dilution that resulted in an OD 415 of 0.1 or the serum dilution for which a 1-point-higher dilution (2-fold) resulted in an OD 415 of less than 0.1. The titers are expressed as geometric means. *, P Ͻ 0.001 versus the Pvs25H-A/alum-immunized group on the Wilcoxon-Mann-Whitney test; **, P Ͻ 0.05 between the two indicated groups on the Wilcoxon-Mann-Whitney test; ***, P Ͻ 0.01 between the two indicated groups on the Wilcoxon-MannWhitney test; †, P Ͻ 0.05 among the three indicated groups on the Kruskal-Wallis test. All immunized groups, including that immunized with Pvs25H-A/alum, displayed a statistically significant serum IgG response compared with that of the nonimmunized group (P Ͻ 0.001 on the Wilcoxon-Mann-Whitney test). In the membrane feed assay, a 2-fold dilution of the pooled mouse antisera was used to evaluate the transmission-blocking efficacy. The number of oocysts per mosquito and the number of parasite-free mosquitoes compared with the total number of mosquitoes (20 mosquitoes) are shown. ‡, P Ͻ 0.05 between the two indicated groups on the 2 test. n.s., not significant.
g of the unloaded Pvs25H-A antigen or with one of the tricomponent complexes carrying 30 g of the antigen. We found that loading the antigen onto the carrier molecules increased the antibody response by more than 1 order of magnitude, as determined from the mean IgG titers, and the alum adjuvant further increased these titers (Fig. 3) . Next, the TBV efficacy of the tricomponent complexes was evaluated with a mosquito membrane feed assay, as described previously (8) (9) (10) (11) (12) . Twenty mosquitoes were fed on one or the other blood sample prepared from two patients in Thailand, who were confirmed to be singly infected with P. vivax (Pv-infected blood donors 1 and 2 in Fig. 3) . The mosquitoes were then dissected to count the numbers of oocysts that had developed in their midguts. Approximately 5 and 30 oocysts were found in each mosquito, on average, when nonimmune mouse serum was incubated with the infected blood samples from donors 1 and 2, respectively (Fig. 3) . This indicated that the severity of infection in the mosquitoes was much higher when they were fed the blood from donor 2 than when they were fed the blood from donor 1. Incubation of the induced mouse immune sera with the blood from donor 1 strongly inhibited oocyst formation. Except for the SpG complex administered without alum adjuvant, all the immune sera conferred a complete transmission blockade, meaning that all the mosquitoes were completely free of parasite. In contrast, most of the mosquitoes were infected with the parasite when nonimmune serum was mixed with the blood from donor 1. When we used the blood from donor 2, which displayed a relatively high infectivity level, reduced TBV effects were observed. A complete transmission blockade was observed only for the Z and PpL complexes mixed with alum adjuvant. A marked reduction in the TBV efficacy when infection severity was high was also observed in our previous studies, particularly when the alum adjuvant was omitted from the tricomponent complex or the alum was simply mixed with an unloaded antigen (11, 12) . Taken together, these results suggest that when infection severity was low, as seen in donor 1, even the use of alum adjuvant alone exerted a strong TBV effect. Meanwhile, when infection severity was moderate to high, as seen in donor 2, a simple mixture of alum and an unloaded antigen was insufficient to exert an adequate TBV effect, emphasizing that a combination of alum adjuvant and the designed antigen is required to cope with any degree of parasite infection severity to ensure a complete transmission blockade. This is important because even one oocyst developing in the midgut of a mosquito can produce thousands of infectious sporozoites in its salivary glands.
DISCUSSION
Recombinant subunit vaccines, in general, require adjuvants that effectively elicit an innate immune response, or vehicles that deliver antigens to professional APCs, or any other molecular design that enhances the immunogenicity of the protein antigen. These might include such strategies as ligating the vaccine antigens to large immunogenic proteins to produce increased numbers of Tcell epitopes, transforming them into high-molecular-mass soluble aggregates for increased B-cell stimulation, or integrating them into particulate structures, such as that used for the development of the RTS,S candidate malaria vaccine. Many candidate malaria vaccines under evaluation in preclinical or clinical trials are recombinant proteins or synthetic peptides derived from the preerythrocytic, erythrocytic, or sexual stage of the parasite (15) and are therefore very likely to require adjuvants in the final formulations. For example, the most advanced candidate malaria vaccine, the RTS,S/AS01, which is currently in phase 3 clinical trials, is a recombinantly produced viruslike particle composed of the hepatitis B virus surface antigen carrying the C-terminal region of the P. falciparum circumsporozoite protein, mixed with a novel adjuvant (31) .
In this study, we addressed one of the primary challenges facing TBV development, the low immunogenicity of the recombinant ookinete surface protein, Pvs25, as a candidate vaccine. A past TBV clinical trial of the Pvs25 candidate formulated with Alhydrogel was discouraging because of its low immunogenicity in vaccinated individuals (13) . Therefore, the adjuvant was later changed to Montanide ISA 51, which, as expected, significantly improved the immunogenicity and efficacy of the TBV, although unacceptable reactogenicity related to the adjuvant led to the discontinuation of the clinical study (14) . A safety evaluation of Pfs25 conjugated to Pseudomonas aeruginosa exoprotein A formulated with Alhydrogel is now under way, in expectation that elevated immunogenicity with robust safety will be achieved (15, 32, 33) .
Alum adjuvants have a long history of safe use in humans and animals. Therefore, if the development of a TBV is based on this adjuvant, strategies to augment the immunogenicity of the vaccine antigen per se will be needed. A very-high-magnitude humoral immune response with a long-lasting memory response (of at least 1 year) is of paramount importance for TBVs. This is in clear contrast to vaccines based on preerythrocytic-stage antigens, which ideally induce humoral immunity combined with cell-mediated immunity. However, a distinct advantage of sexual-stage antigens, such as P25, over other antigens expressed in the asexual stage is their less polymorphic nature. Moreover, the membrane feed assay, as demonstrated in this and other studies, allows the fast and reliable preclinical evaluation of TBV candidates and vaccine formulations.
In this study, we have demonstrated that the integration of the Pvs25 antigen into the tricomponent complexes enhances its TBV efficacy. The IBD adopted a pentameric configuration when linked to the COMP coiled-coil domain, and this particular molecular configuration has been shown to be important in increasing the immunogenicity of the loaded antigen, compared with other pentameric structures, such as that generated by five tandemly linked IBDs (12). Therefore, not only the multimeric structure of the IBDs but their particular molecular configurations, as exhibited by the COMP-IBDs, may also contribute to the high immunopotentiating capacity of the tricomponent complex. Therefore, the type of IBD, its multimeric nature, and its particular structural configuration might all influence the effective outcome of the vaccine. It is noteworthy that the PpL complex conferred complete transmission blockade in the presence of an alum adjuvant, and its vaccine efficacy remained high, even in the absence of adjuvant. One possible reason for its high immune-enhancing capacity is the broad Ig-binding spectrum of PpL (Fig. 2a  and b ), so that a large repertoire of B lymphocytes are targeted in the lymphoid follicles (20) . IBDs can bind free antibodies, so their ligand function may be abrogated when administered in vivo, where antibodies are abundant. In fact, the binding of the Z and SpG complexes to B lymphocytes was strongly inhibited by normal mouse serum (Fig. 2c) . We also previously confirmed that the COMP-Z:Pvs25 tricomponent complex failed to induce an antigen-specific antibody response when given via an intraperitoneal or intravenous route (12) . However, to our surprise, COMP-PpL sustained its high B-lymphocyte binding capacity even in the presence of serum (Fig. 2c) .
We did not examine the precise immunological mechanism behind the immune-enhancing capacity of the COMP-IBD fusion proteins. One possible explanation of this mechanism is, as mentioned above, that B lymphocytes are APCs, although not as efficient as DCs, so targeting B lymphocytes may increase the chance that the antigen will encounter its cognate B lymphocyte in the lymphoid follicle. Another possible explanation is that in the lymph nodes, the antigen captured by noncognate B lymphocytes might be ultimately transferred to cognate B lymphocytes (22, 34) . This may increase the chance that the antigen will encounter its cognate B lymphocytes and other professional APCs, such as resident conventional DCs, in the lymph nodes (35) . Thus, IBDs may function to concentrate the loaded antigen in the B-lymphocyte follicles in the lymph nodes and prevent their removal by irrelevant cells. This would reduce any waste of the administered antigen. Furthermore, because the IBDs are designed to be multimeric, the complexes may form cross-links with BCRs to induce B-cell stimulation (16, 36) .
It is reasonable to ask why a low-titer antibody response could have effective transmission-blocking activity. In other words, we may ask why Pvs25/alum conferred a relatively high transmission blockade (100% [20/20] and 85% [17/20] for blood samples from donors 1 and 2, respectively), although the antibody titer was low (1, 467) . Although the ELISA titer was low, the anti-Pvs25 antibodies induced by Pvs25/alum had a greater antiparasitic effect than did the antibodies induced by the COMP-IBD:Pvs25 without alum, even though the latter induced high IgG titers (20,000 to 50,000). This discrepancy between the antibody titer and the vaccine efficacy may have arisen because the alum adjuvant increases the antiparasitic effects of the induced antibodies. Thus, the alum adjuvant is very likely to affect the quality of the antibodies produced by the B cells. Indeed, aluminum hydroxide is known to activate the Nalp3 inflammasome (27) . Alum is also known to induce the production of interleukin-5, which acts on B cells to facilitate their proliferation and antibody class switching. These effects on the innate and adaptive immune responses attributable to alum may increase the binding affinity of antibodies for the antigen and may thus enhance the antiparasitic function of the antigen-specific immunity induced. This is not necessarily reflected in the magnitude of the antibody titer. Delivery vehicles, such as the tricomponent complex, may simply concentrate the vaccine antigens in the draining lymph nodes, where the immune response is initiated. However, the alum, and perhaps other adjuvants, may modify the quality of the induced immune response so that it exerts additional host defense functions, which are not simply reflected in the magnitude of the antibody titer. Therefore, antigen-delivery systems and adjuvants probably have distinct immunological functions and outcomes. This is the most important reason for the combined use of these two immunopotentiating elements in the development of recombinant protein vaccines.
The P25 antigens of P. falciparum and P. vivax are by far the leading candidates for malaria TBVs. However, P25/alum has proved insufficient as a TBV in recent clinical trials (13) . Moreover, the use of oil-based adjuvants may not be tolerated because their potential reactogenicity is high (14) . Therefore, molecular designs that include an innovative novel antigen-delivery technology are even more necessary than previously realized for the future development of malaria TBVs.
